von Bergen TN, Blount MA. Chronic use of chloroquine disrupts the urine concentration mechanism by lowering cAMP levels in the inner medulla.
aquaporin; AVP; cAMP; chloroquine; urea transporter CHLOROQUINE IS MOST NOTABLY known for its antimalarial properties (10); however, this drug also has therapeutic immunosuppressive activities and is currently used to treat mild cases of systemic lupus erythematosus (SLE) and rheumatoid arthritis (15) . The exact mechanisms by which this drug mediates immunosuppresion are unclear, but as a weak base, chloroquine can pass through the plasma membrane and concentrate in acidic cytoplasmic vesicles. This results in increased endosomal pH, which can then interfere with endocytosis and exocytosis (37) as well as other cell functions, such as antigen presentation (18) , iron metabolism (20) , and lymphocyte proliferation (23) . Several studies (26, 31, 33) have shown that chloroquine also inhibits human immunodeficiency virus (HIV) replication and modifies gp120 glycosolation patterns, thus potentially eliciting the production of neutralizing antibodies in HIV-infected individuals. These recent findings, in addition to ongoing clinical trials, suggest that chloroquine may be an effective and inexpensive antiretroviral treatment for HIV (8, 34) .
Unfortunately, increasing evidence suggests that chloroquine may also negatively impact renal function for patients whose fluid and electrolyte homeostasis is already compromised by diseases such as chronic kidney disease (CKD). For instance, SLE can lead to nephritis, which may ultimately result in CKD (28) . As the life expectancy for those with HIV increases, there are increasing instances of complications due to underlying CKD (38) . Administering chloroquine for diseases like SLE and HIV requires a prolonged duration of therapy at higher daily dosages than what was originally used for antimalarial therapy. Chloroquine is particularly harmful to the kidney because it accumulates in high concentrations relative to most organs and the half-life of this drug also increases as the dosage is increased (19) .
Chloroquine treatment can result in pronounced diuresis (2) . Despite reports of a significant decrease in urine osmolality in chloroquine-infused rats (3), studies have also shown that acute chloroquine administration increases plasma vasopressin levels without affecting urine concentration (24) . Vasopressin is instrumental in regulating renal water reabsorption in the inner medullary collecting duct via activation of the vasopressin V2 receptors that in turn stimulate cAMP synthesis (9) . Defective cAMP signaling in the inner medulla causes the dysfunctional urine concentrating capacity observed in congenital and acquired nephrogenic diabetes insipidus (5) . In this study, we have examined how chloroquine treatment results in polyuria by disrupting the function of vasopressin-sensitive transporters involved in the urine concentration mechanism.
METHODS
Experimental animals and protocol. All animal protocols were approved by the Emory University Institutional Animal Care and Use Committee. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA), weighing 100 -150 g, were given free access to tap water and fed standard diet (containing 23% protein). Rats were treated with either a vehicle (saline injectionsc) or chloroquine injection (80 mg/day sc) daily for 4 days. Rats were housed individually in metabolic cages for 24 h on day 4. Urine volume, osmolality, and urea composition were measured over that 24-h interval.
Urine analysis. Urine osmolality was measured on a Wescor 5520 Vapor Pressure Osmometer (Wescor, Logan, UT). Urine urea concentration was determined using infinity urea reagent from Thermo Scientific (Thermo Fisher Scientific, Chicago, IL). Chloroquine was detected in the urine using a modified Willard T. Haskins' test. Calcium was measured in urine by a colorimetric chemical reaction with arsenazo III. cAMP was measured in the urine and inner medullary tissue using a Cayman kit (Ann Arbor, MI) according to manufacturer's instructions. Glomerular filtration rate (GFR) was calculated from urinary and plasma creatinine that was acquired using a Beckman creatinine analyzer that monitored the colorimetric response of the picric acid reaction (Jaffe reaction).
Sample preparation and Western blot analysis. Rats were decapitated and kidneys removed. Tissue was dissected into inner medulla tip, inner medulla base, and outer medulla and prepared as detailed previously (7) . Protein expression of UT-A1, UT-A3, aquaporin-2 (AQP2), and NKCC2 was measured by Western blot analysis using transporter-specific antibodies prepared by our laboratory. Vasopressin 2 receptor expression was examined using an antibody purchased from Millipore. With the use of ImageJ, densitometry was determined. Densitometry values were calculated based on tubulin loading controls and normalized and are reflected as percentage of control.
Pathology. Kidneys from rats that were injected intraperitoneally with either vehicle or vasopressin 45 min before death; they were perfusion fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned into 4-m slices. To perform immunofluorescence, tissue slices were stained for AQP2 or UT-A1 and detected with an Alexa 488 secondary antibody. Tissues were mounted with ProLong Gold containing DAPI (Invitrogen, Carlsbad, CA). Images were collected from the papilla with a ϫ40 objective. Microscopy was performed with a Nikon Microphot-FX fluorescence microscope equipped with a Spot II digital camera.
Statistical analysis. Values are means Ϯ SE from each experimental group where four animals were used in each experimental group for five distinct cohorts of experiments (n ϭ 5). Densitometry values were calculated based on tubulin loading controls. The densitometries from each group of animals were averaged and normalized to the untreated control values, and the data were presented as means Ϯ SE for the percent change from the control value. To test for statistical significance between the multiple groups, we used an ANOVA followed by Newman-Keuls test. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
Rats treated with chloroquine develop polyuria. Metabolic data were collected over a 24-h period during the fourth day of treatment with either a vehicle (saline injection sc) or chloroquine injection (80 mg/day sc). Chloroquine-treated rats produced twice the amount of dilute urine than untreated control animals. The GFR was lower in chloroquine-treated rats compared with vehicle-treated control animals. Urine urea was decreased in chloroquine rats and animals also presented with proteinuria. We adapted the Haskins' method, a colorimetric assay that qualitatively detects chloroquine amounts in bodily fluids, and detected an abundant amount of chloroquine filtered in the urine of treated animals. Urine calcium levels were unchanged by chloroquine treatment. Finally, chloroquinetreated animals had decreased cAMP in the urine supporting the idea that chloroquine is inhibiting cAMP synthesis (Table 1) . To determine if chloroquine had a direct effect on lowering cAMP concentration in the inner medulla, the amount of the second messenger was measured in the rat papilla. Chloroquine-treated animals had significantly less inner medullary cAMP (29.2 Ϯ 3.63 pmol/mg of protein) compared with the cAMP concentration in the inner medulla of vehicle-treated rats (46.9 Ϯ 0.49 pmol/mg of protein).
Protein expression of some components of the urine concentration mechanism is altered by chronic chloroquine treatment.
We first examined if NKCC2 protein abundance was affected by chloroquine treatment. Figure 1 shows that the 4-day chloroquine treatment significantly reduced NKCC2 protein abundance by 39% compared with the untreated animals.
We next looked at the expression of AQP2 in the inner medulla tip after 4 days of chloroquine treatment. AQP2 expression was decreased in the inner medulla tip by 41% (Fig. 2) . We also looked at the inner medulla base and found that chloroquinetreated animals had a 54% reduction of AQP2 (data not shown). We have observed a similar pattern of AQP2 protein reduction in other states of polyuria including lithium-induced diabetes insipidus (4) .
There are two urea transporters in the IM: UT-A1 and UT-A3. We first examined if chloroquine treatment affected UT-A1 protein abundance in the IM tip. Western blot analysis revealed that both glycosylated forms of UT-A1 (117 and 97 kDa) were unaltered in the chloroquine-treated group in IM tip tissues (Fig. 3) . UT-A1 was not changed in IM base tissues (data not shown). UT-A3 is also a glycosylated protein that is expressed in the IM tip. We found that, like UT-A1, 4 days of Kidneys from rats that were injected subcutaneously with either vehicle or vasopressin 45 min before death were perfusion fixed with 4% paraformaldehyde and then embedded in paraffin sectioned into 4-m slices. Tissue slices were stained for AQP2 (green). Slices also treated with the nuclear stain DAPI (blue). Images were collected from the papilla for the kidney with a ϫ40 objective. Light microscopy was performed with a Nikon Microphot-FX fluorescence microscope. chloroquine treatment did not change the expression of UT-A3 in IM tip (Fig. 4) .
We also looked at vasopressin receptor 2 (V2R) expression in the inner medulla and found that chloroquine treatment of rats had no effect on the protein abundance of this receptor (data not shown).
Chloroquine treatment inhibits cAMP-mediated trafficking of AQP2 and UT-A1. Chloroquine not only disrupts cAMP synthesis but also halts lysosomal trafficking. Both of these processes are known to affect transporter trafficking. Using immunofluorescence, we examined the cellular localization of AQP2 in vehicle-and chloroquine-treated rats in the absence and presence of acute vasopressin treatment. Figure 5B shows AQP2 localized predominantly at the apical membrane in response to vasopressin. In Fig. 5D, AQP2 does not respond to vasopressin in the chloroquine-treated animals. Similarly, UT-A1 moves to the apical membrane in response to vasopressin in control animals (Fig. 6B) ; however, UT-A1 remains in the cytosol of chloroquine-treated animal inner medullary collecting ducts (IMCDs).
DISCUSSION
Chloroquine is widely used to treat several maladies. Although relatively well tolerated, chloroquine has a narrow therapeutic index that predisposes patients to nephrotoxicity (17) . Anywhere from 40 to 70% of chloroquine is eliminated from the kidney (17) . During chronic use, ensuing tissue accumulation of chloroquine in the kidney may cause adverse reactions including polyuria. In those with impaired renal function, the elimination half-life of chloroquine is increased (30) . It is therefore recommended that doses should be lowered in patients with renal impairment (36) . Thus it is no surprise that it is not recommended for patients with a GFR of 10 -20 ml/min to take chloroquine Ͼ50 mg per day (36) .
In our study, we observe that rats receiving 80 mg/day of chloroquine develop polyuria. While the amount of chloroquine used in our study is higher than what is prescribed for anti-malarial use, it is on target with treatment regimens for lupus and antiretroviral therapy (22) . We also observed proteinuria in our treated rats. Urine calcium levels were not affected. Given that chloroquine has been shown to reduce calcitriol levels and thus alleviate hypercalemia (32) , this result is not surprising; however, we can conclude that the observed polyuria is not a result of hypercalcemia. Metabolic data also revealed that urine cAMP was dramatically induced in chloroquine-treated animals. Previous reports have shown that chloroquine inhibits vasopressin-mediated cAMP synthesis (24) despite significantly increasing plasma vasopressin secretion (1) . This may explain the previously reported lack of the normal antidiuretic responses of vasopressin in rats following chloroquine administration (24) . Additionally, chloroquine has no effect on urine flow in vasopressin-deficient Brattleboro rats (25) .
AQP2 and NKCC2 expression were both reduced as we had anticipated; however, neither of the urea transporters showed an alteration in protein abundance. One explanation may be the differences in the transcriptional regulation of AQP2 and NKCC2 and that of the urea transporters. . Kidneys from rats that were injected subcutaneously with either vehicle or vasopressin 45 min before death were perfusion fixed with 4% paraformaldehyde and then embedded in paraffin sectioned into 4-m slices. Tissue slices were stained for UT-A1 (green). Slices also treated with the nuclear stain DAPI (blue). Images were collected from the papilla for the kidney with a ϫ40 objective. Light microscopy was performed with a Nikon Microphot-FX fluorescence microscope.
has two overlapping CREB sites near the promoter region (14) . UT-A1 and UT-A3 do not have a CREB site (29) . Chronic chloroquine treatment reduces cAMP production, so it is possible that the transcriptional machinery that regulates production of AQP2 and NKCC2 is halted whereas chloroquine does not affect transcription of the urea transporters. PKA phosphorylation of AQP2 is important for vasopressinstimulated trafficking of AQP2 to the apical plasma membrane of the IMCD (12, 16, 27) , leading to increased levels of water reabsorption. Reports that dominant nephrogenic diabetes insipidus is due to a R254L mutation that results in the loss of cAMP-mediated phosphorylation of AQP2 at S256 demonstrates the physiological importance of cAMP phosphorylation of this transporter (13) . We (6) have recently determined that movement of UT-A1 to the membrane is also a result of PKA phosphorylation of the transporter. We have demonstrated that UT-A1 is phosphorylated by PKA at S486 and S499 (6) . Like AQP2, PKA-phosphorylation at these sites is important for vasopressin-stimulated trafficking of UT-A1 to the apical plasma membrane (6) resulting in increased urea permeability across the IMCD. In this study, we observe that movement of both AQP2 and UT-A1 is impaired with chloroquine treatment. This inability to move to the apical membrane is likely due to the reduction in cAMP synthesis. Another explanation may be chloroquine-mediated disruption of the lysosomal pathway. AQP2 undergoes short-chain ubiquitination in the IMCD, ultimately leading to endocytosis of the transporter, where it is then targeted to multivesicular bodies. The water channel is subsequently degraded by the lysosome or is excreted in the urine via exosomes. Chen et al. (11) found that UT-A1 is polyubiquitinated by the MDM2 E3 ligase and is subsequently degraded by the proteasome. Stewart et al. (35) observed that inhibition of the ubiquitin-proteasome pathway increased UT-A1 at the membrane. We believe that the inhibition of AQP2 and UT-A1 trafficking is likely due to the lack of cAMP production rather than disruption of the lysosomal pathway since both the water channel and the urea transporter are affected.
In conclusion, chloroquine treatment induces polyuria and proteinuria. The inability to concentrate urine is likely due to the lack of cAMP to promote AQP2 and NKCC2 transcription and appropriate vasopressin-mediated trafficking responses in the IMCD.
